Abstract: This study introduces an innovative scheme of bridge superstructure for expedited construction, improved serviceability, and extended life span. The new bridge superstructure is assembled from precast prestressed decked bulb T-beams reinforced and prestressed with corrosion-free fiber-reinforced polymer (FRP) materials. An experimental investigation accompanied by analytical and numerical simulations was developed to evaluate the performance of the newly developed beams. Through the experimental investigation, three single decked bulb T-beams were constructed and tested to failure. The first beam, served as a control beam, and was prestressed and reinforced with conventional steel strands and reinforcing bars. The second and third beams were prestressed and reinforced with carbon-fiber cable composite (CFCC) strands and carbon-fiber-reinforced polymer (CFRP) tendons, respectively. The investigation revealed that the performance of beams reinforced with CFRP tendons or CFCC strands was comparable with the performance of the control beam at both service and ultimate limit states. All three beams exhibited high load-carrying capacity with large corresponding deflection and fair amount of absorbed energy before failure. The study showed that the corrosion-free FRP-reinforced decked bulb T-beams can be safely deployed in construction to enhance the performance and extend the life span of bridge superstructures.
Introduction
Precast prestressed box beams are commonly used in the construction of short-and medium-span highway bridges in the United States. However, longitudinal deck cracking between adjacent box beams has been reported frequently in this type of bridge superstructure. For instance, out of 219 adjacent box-beam bridges constructed in New York [New York State Department of Transportation (NYSDOT) 1992] between 1985 and 1990, 101 bridges exhibited longitudinal deck cracking that extended from support to support. Deck cracking was identified as one of the major causes for deck deterioration in a nationwide survey (Grace et al. 2007; Koch et al. 2001) . It allows water and deicing agents to penetrate into the sides of the box beams, causing spalling of concrete and corrosion of steel reinforcement. Meanwhile, the lack of space between the adjacent beams hinders the process of regular inspection and maintenance. Consequently, with such accelerated deterioration and absence of preventive maintenance, the bridge engineer is compelled to replace the bridge superstructure after a fairly short life span to avoid any catastrophic failure.
An appropriate solution for the problem of deck cracking and deterioration can be carried out through two levels: first, modifying the cross section of the bridge superstructure to allow enough space between the beams for inspection and maintenance, and second, replacing steel reinforcement, of the beams with corrosionfree reinforcement, such as fiber-reinforced polymer (FRP) reinforcement.
A potential alternative to box-beam bridge superstructure can be the bulb T-beam bridge superstructure, which has emerged rapidly in bridge design and construction industry during the last few decades. Several design agencies have implemented bulb T-beams in their design guidelines with some differences in dimensions and construction techniques. For example, the Utah Department of Transportation (UDOT) categorizes bulb T-beam bridges according to construction technique into three classes: bulb T-beams with concrete deck, decked bulb T-beams without concrete deck, and posttensioned bulb T-beam with concrete deck and posttensioning strands. Likewise, the Washington State Department of Transportation (WSDOT) provides details for both bulb T-beams with deck and decked bulb T-beams without decks (WSDOT 2008) .
Examples for the construction of decked bulb T-beams can be traced back to 1986 with the construction of a six-span prestressedconcrete decked bulb T-beam bridge in Minnesota (Hill et al. 1988) . Each span was assembled of five adjacent decked bulb beams with a depth of 1,000 mm (40 in.) and top-flange width of 1,800 mm (6 ft). The end spans had a length of 21.3 m (70 ft), whereas the interior spans had a length of 25.9 m (85 ft). Steel bars of 25.4 mm (1 in.) in diameter were used to transversely posttension the top flange. Another decked bulb T-beam bridge was constructed in Kittitas County, Washington to replace a deteriorated bridge in 2009. The beams were interconnected using welded steel joints. In addition, to overcome the problem of longitudinal joint leakage, the new bridge was provided with a waterproof membrane in addition to an asphalt emulsion to hold the membrane in place.
In this investigation, the cross section of the superstructure in side-by-side box-beam bridges is replaced by decked bulb T-beams ( Fig. 1 ) that allow adequate space for inspection and maintenance. The top flange of the beams is fabricated to act as a deck slab to save time and effort, and expedite the construction of the bridge by eliminating the need for a cast-in-place deck slab. The decked bulb T-beams are reinforced/prestressed with carbon-fiber cable composite (CFCC) or carbon-fiber-reinforced polymer (CFRP) reinforcement instead of conventional steel reinforcement. Carbon-fiber cable composite and CFRP are corrosion resistant and can significantly extend the life span of the bridge superstructure. The use of CFRP in bridge construction has been proven to be successful with the construction and monitoring of the 10-year-old Bridge Street Bridge in Southfield, Michigan and 4-year-old Penobscot Narrows cable-stayed bridge in Maine (Rohleder et al. 2008) .
The investigation presented in this paper represents phase #1 of a multitask project dedicated to establish comprehensive design guidelines for decked bulb T-beam bridges reinforced and prestressed with different kinds of FRP reinforcement for flexure and shear.
Experimental Program
To evaluate the performance of the developed beams, three prestressed decked bulb T-beams were constructed, instrumented, and tested to failure under vertical loads. The beams had a span of 9,750 mm (32 ft), top-flange width of 457 m (18 in.), bottom-flange width of 305 mm (12 in.), and a total depth of 356 mm (14 in.). All three beams were reinforced with an identical reinforcement scheme, shown in Fig. 2 , but with different reinforcement materials. The first beam (steel beam) served as a control beam and was pretensioned with four low-relaxation prestressing steel strands with a diameter of 16 mm (0.625 in.) and cross-section area of 140 mm 2 (0:217 in: 2 ) . The second beam (CFCC beam) was pretensioned with four prestressing CFCC strands with a diameter of 15.2 mm (0.6 in.) and cross-section area of 115 mm 2 (0:18 in: 2 ) The third beam (CFRP beam) was pretensioned with four CFRP Leadline tendons with a diameter of 10 mm (0.4 in.) and a cross-section area of 72 mm 2 (0:11 in: 2 ) .
In all beams, each strand/tendon was prestressed with an initial prestressing force of 111 kN (25,000 lb). The applied prestressing level corresponded to a stress level of approximately 43, 37, and 57% of the ultimate strength of steel, CFCC, and CFRP Leadline, respectively. The stress level attributable to prestressing was less than the maximum allowable jacking stress specified in American Concrete Institute (ACI) 440.4R (ACI 2004) for CFCC strands and CFRP Leadine tendons (65% of the guaranteed strength). The prestressing force was applied 1 day before casting the concrete in the formwork using two bulkheads anchored to a heavily reinforced concrete foundation with high-strength bolts. In addition, CFCC pretensioning strands were provided with a special mechanical anchorage system at each end to facilitate pulling of the strands without damaging their ends. This anchorage system consisted of sleeve for CFCC, wedges, joint coupler, mesh sheet, braided grip, and wedges for attaching a steel strand. Fig. 3 shows the process of pretensioning the strands using a hydraulic pump, whereas Figs. 4(a) and 4(b) show the newly developed and tested anchorage system for CFCC strands that can be installed in field and not just at the CFCC factory. The newly developed anchorage system was tested for creep under a joint research between Lawrence Technological University (LTU) and Tokyo Rope Mfg. Co., Ltd., The test comprised jacking specimens of CFCC strands with a prestressing force of 160 kN (36,000 lb), locking the anchorage system, and 150-mm (6-in.) cast-in-place deck slab 25 [1] 152 [6] 25 [1] 76 [3] 356 [14] 140 [5.5] 51 [2] 76 [3] 51 [2] 140 [5.5] 457 [18] 305 [12] Non-prestressing bars/strands/tendons Prestressing strands/tendons Dimensions are in mm [in.] Fig. 2 . Cross-section details of a decked bulb T-beam monitoring the force for a period of 21 days using attached load cells. The slippage in the anchorage system was also monitored using LVDT. The results of the creep test showed that the slippage and loss of force were negligible over the period of 21 days, which is required for concrete casting and curing.
Beside the prestressing strands/tendons, the beams were provided with nonprestressing reinforcement. The details for the reinforcement are given in Table 1 . In addition, the transverse reinforcement for all beams was made of steel stirrups with a diameter of 10 mm (0.375 in.) and center-to-center spacing of 102 mm (4 in.). Fig. 5 shows the completed reinforcement cage in the formwork while casting the concrete. The concrete mix was designed to achieve an average 28-day compressive strength of 62 MPa (9,000 psi). However, the concrete in CFRP beam achieved an average 28-day compressive strength of 50 MPa (7,300 psi) .
The release of the prestressing forces took place 14 days after casting the concrete. At the time of prestress release, the concrete compressive strength averaged 41 MPa (6,000 psi). The release of prestressing force in the steel beam was performed by cutting the steel strands at the ends of the beam using torch, whereas the release of the prestressing force in CFRP beam was performed by saw-cutting the CFRP tendons using an electric saw. In contrast, the release of the prestressing forces in CFCC beam was performed by further pulling the CFCC strands slightly above the prestressing force and untying the steel anchorage couplers.
Both the steel and CFRP beams were designed to fail in tension by yielding of steel strands or rupture of CFRP tendons, whereas the CFCC beam was designed to fail in compression by concrete crushing. The change in the failure mode was necessary to evaluate both tension and compression failure of FRP-prestressed decked bulb T-beams against the common tension failure mode of steelprestressed beams.
Instrumentation and Test Setup
Strain gauges were attached to all prestressing strands and nonprestressing reinforcement to measure the strain in the strands at the midspan section during different stages of construction and loading. In addition, strain gauges were mounted on the concrete surface at different locations to measure the strain in the concrete. Furthermore, a set of three strain gauges was attached to the concrete surface at the soffit of the beam near the first initiated flexural crack to predict the decompression load. Measurement of the decompression load was performed to estimate the effective prestress in the pretensioning tendons. Calibrated load cells were mounted on the prestressing strands to measure the prestressing forces. Linear motion transducers were used to measure the vertical deflection of each beam at midspan under different load levels. All sensors were calibrated and connected to a calibrated digital data-acquisition system to monitor the deformation of the beams during loading.
Loading Test
As shown in Fig. 6 , the decked bulb T-beams were loaded under a four-point-load setup over an effective span of 9,450 mm (31 ft) with the load being applied through incremental cycles until failure. The load was applied through a hydraulic actuator and a two-point loading frame with a distance between the points of loading of 1,980 mm (78 in.). Two steel-reinforced neoprene bearing pads were provided at the ends of each beam as supports. The loading test was performed to evaluate the performance of each beam under service limit state, postcracking limit state, and ultimate limit state. The performance of the beams was examined by recording the deflection at midspan, strain readings in concrete and reinforcement, crack propagation, crack width, and crack pattern at different load levels. The following sections present a discussion for the results obtained from the three beams.
Service Limit State
For the purpose of this study, the service limit state was defined by the state where the concrete beam remained uncracked. The service limit state ended with the initiation of the first flexural crack. The first crack was observed at a load level between 40 and 44.5 kN (9,000 and 10,000 lb) in all beams. 
. Load setup for decked bulb T-beams
All the beams exhibited nearly the same elastic performance during the service limit state. In addition, an estimate for the effective prestress force in each beam was performed by recording the concrete strain at the soffit of the beam. First, the beam was loaded until the first crack developed. Second, the beam was unloaded and stain gauges were attached to the soffit of the beam near the crack location. Third, the beam was loaded again while the strain near the crack was recorded.
The strain in the concrete near the crack increased nearly linearly with increasing the load until reaching a certain load level, at which the strain experienced no further increase with increasing the load. This load level was identified as the decompression load, which defined the load level where the moment attributable to dead plus applied load exceeded the moment attributable to prestressing force. The recorded strain value at the decompression load represented the effect of the prestress force and was used to calculate the effective prestressing force. The decompression load for all three beams ranged between 26 and 31 kN (6,000 and 7,000 lb). On the basis of the elastic calculations, this level of decompression load corresponded to an effective prestressing force of approximately 80-90% of the initial applied prestressing force, on the basis of the actual tensile strength of the concrete.
Postcracking Limit State
This state started with the initiation of the first flexural crack and was marked by an apparent change in the slope in the loaddeflection curves. Several flexural cracks developed in the beams with increasing the load beyond the cracking load. Consequently, the beams experienced further reduction in their flexural stiffness with each loading/unloading cycle. The reduction in the flexural stiffness was represented by a reduction in the slope of the load-deflection curve under loading cycles. The load-deflection curves for CFCC and CFRP beams were nearly linear until failure, whereas the load-deflection curve for steel beam showed a ductile plateau near the failure. At a load level of approximately 169 kN (38,000 lb), the steel beam exhibited a steady increase in the deflection with a little or no increase in the load-carrying capacity.
Crack width and crack pattern were recorded and plotted for each beam. Under a certain load level, all three beams experienced nearly similar overall flexural-crack pattern. However, the crack width was slightly different. The CFRP beam exhibited the largest crack width followed by the CFCC beam and then the steel beam. For example, at load level of 80 kN (18,000 lb), the maximum observed crack width was around 0.25, 0.3, and 0.4 mm (0.01, 0.012, and 0.015 in.) in the steel, CFCC, and CFRP beams, respectively. The wider crack width was associated with an increase in the rotation and deflection of the beams as the CFRP beam had the largest midspan deflection followed by the CFCC beam then the steel beam. However, the situation changed when the bottom reinforcement of the steel beam reached the yield stage. At the yield of the steel beam, the flexural cracks progressively widened and the beam exhibited a rapid increase in the deflection. The CFCC and CFRP beams, in contrast, showed a gradual increase in the crack pattern and width since the initiation of the first flexural crack until the failure of the beam.
Ultimate Limit State and Failure Mode
The steel beam failed at ultimate load of 191 kN (42,980 lb) because of yielding of steel strands followed by crushing of the concrete at the top flange (Fig. 7) . The measured deflection at failure was 348 mm (13.7 in.). The CFCC beam failed at ultimate load of 204.7 kN (46,000 lb) with a corresponding midspan deflection of 329 mm (13 in.). The failure was characterized by crushing of the concrete at the top flange near the midspan section (Fig. 8) . The CFRP beam failed at ultimate load level of 169 kN (38,100 lb) with a corresponding midspan deflection of 359 mm (14.12 in.). The failure was characterized by rupture of CFRP tendons followed by crushing of the concrete at the top flange (Fig. 9) . The failure patterns in all three beams matched their designed and anticipated failure modes.
Strength and Energy Absorption
As shown in Fig. 10 , the CFCC beam achieved the highest loadcarrying capacity, followed by the steel beam, and then the CFRP beam. The maximum load-carrying capacity of the CFCC beam was 7% higher than the load-carrying capacity of the steel beam, whereas the load-carrying capacity of the CFRP beam was 12% less than the load-carrying capacity of the steel beam. In contrast, the steel beam had the highest energy-absorption capacity followed by the CFCC beam and finally the CFRP beam. The total absorbed energy by the steel, CFCC, and CFRP beams until failure (area under the load-deflection curves) were approx- 
Numerical Simulation
Parallel to the experimental program, a numerical investigation was developed to examine the performance of the tested decked bulb T-beams using the commercially available software ABAQUS. The concrete beam was modeled using a three-dimensional (3D) solid element C3D8R. A continuum, plasticity-based, damage model for concrete was used to model the material behavior. The concrete damaged plasticity model uses concepts of isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity to represent the inelastic behavior of concrete. It assumes that the two main failure mechanisms are tensile cracking and compressive crushing of the concrete material. Consequently, the concrete material was defined by its uniaxial compressive and tensile performance in addition to the elastic properties.
For the compression side, the response was assumed linear until the value of the initial yield; the initial yield was assumed to occur at stress equal to approximately 60% of the concrete ultimate strength. After the initial yield, the material started the plastic response, which was typically characterized by stress hardening followed by strain softening beyond the ultimate stress.
For the tension side, the stress-strain response followed a linear elastic relationship until the cracking stress was reached, which corresponded to the onset of microcracking in the concrete material. Beyond the cracking stress, the formation of microcracks was represented macroscopically with a softening stress-strain response, which included strain localization in the concrete structure. In addition, for the steel and the CFCC beams, the modulus of elasticity for the concrete was measured as 33.8 GPa (4:91 × 10 6 psi), the direct tensile strength was measured as 4.8 MPa (690 psi), and Poisson's ratio was measured as 0.2. For the CFRP beam, the modulus of elasticity for the concrete was measured as 30.5 GPa (4:42 × 10 6 psi) and the direct tensile strength was measured as 4.3 MPa (620 psi). These values were calculated on the basis of section 5.4.2 of AASHTO LRFD (AASHTO 2007) for the material properties of the concrete.
The reinforcement, including shear reinforcement, was modeled with a two-node linear 3D truss element (T3D2), where each node having three degrees of freedom ðu x ; u y ; u z Þ. Truss elements were embedded inside the host concrete brick elements. The translational degrees of freedom of the embedded element nodes were constrained to the interpolated values of the corresponding degrees of freedom of the host element nodes.
The numerical cracking load was approximately 53 kN (12,000 lb) for all three beams, which was slightly higher than the exhibited experimental cracking load (44 kN or 10,000 lb). However, the response of the numerical models closely matched that of the experimental specimens after cracking until the failure of the beams. For instance, in the numerical model of the steel beam, when the applied vertical load reached 169 kN (38,000 lb), the strain in the bottom reinforcement reached 5;080 με and the strain in the concrete at the top surface of the beam at the midspan reached approximately 1;100 με. These values of strain matched the measured strain values in the experimental investigation just before the yield stage, where the strain in the concrete averaged 1;200 με and the strain in the bottom reinforcement averaged 4;700 με. The predicted ultimate load in the numerical model of the steel beam was 198 kN (44,600 lb), with a difference of 3% from the experimental ultimate load (Fig. 11) . At the ultimate load, the finite-element (FE) analysis indicated excessive yielding of the steel strands before the crushing of the concrete in the top flange.
The FE analysis of the CFCC beam showed that the failure load of the beam was approximately 213 kN (48,000 lb) with a Fig. 11 . Load-deflection curves for the steel beam at the midspan difference of 4% from the experimentally achieved ultimate load (204.7 kN or 46,000 lb), as shown in Fig. 12 . In addition, the stress in the concrete at the top flange reached 63 MPa (9,200 psi) in the FE model, which was in close agreement with the ultimate compressive strength of the concrete (64 MPa or 9,300 psi). Furthermore, the strain in the bottom CFCC strands reached 8;500 με. This numerical CFCC strain at failure matched the measured strain from the experimental investigation (8;900 με). When adding this strain to the strain attributable to prestressing (4;220 με), the total strain in the CFCC strands at failure would be 12;720 με. This strain level is less than the guaranteed ultimate strain of the CFCC strands (16;000 με), and thus confirms the compression failure of the CFCC beam.
Likewise, the FE analysis of the CFRP beam predicted a failure load of 165 kN (37,200 lb), with a difference of 2% from the experimentally achieved ultimate load (169 kN or 38,100 lb), as shown in Fig. 13 . At failure, the strain in the concrete at the top flange approached 2;200 με, and the strain in the bottom CFRP tendons approached 10;130 με. Adding the CFRP strain to the strain attributable to prestressing after losses (6;740 με), the total strain would be 16;870 με. This was the ultimate strain as defined by the manufacturer and was provided through the input file of the FE analysis. The experimental concrete strain at failure was approximately 2;400 με, whereas the experimentally measured strain in the CFRP tendon before failure (excluding the strain attributable to prestressing) was around 10;900 με.
On the basis of the previous discussion, it was concluded that results of the FE analysis of the three beams were in close agreement with the results obtained from the experimental investigation. Therefore, it is reasonable to extend the FE investigation to model complete decked bulb T-beam bridge models with different geometries and different loading configurations.
Analytical Analysis
The strain in the concrete and reinforcement at different load levels in the beams can be directly calculated with high level of accuracy using strain-compatibility analysis with either linear strain distribution at low concrete-strain levels or Whitney stress block approach for strain distribution at high concrete-strain levels. Nevertheless, the calculations for the deflection of the beams under different load levels especially after crack formation are rather complex.
Before cracking, the deflection of decked bulb T-beams can be accurately calculated using direct elastic approach. After cracking, the common method of calculating the deflection is to calculate the effective moment of inertia for the section (Branson 1965; ACI 2004 ) and use it instead of the full moment of inertia in the elastic equation of deflection. However, this approach was proven to be only suitable for certain reinforcement materials and certain reinforcement ratio . Therefore, an analytical approach was developed to calculate the deflection of decked bulb T-beams under different load levels after cracking.
The developed analytical approach uses the basic principles for section analysis to calculate the deflection. Few steps are required to calculate the deflection at a certain load level. These steps are summarized as follows:
1. Under a certain load level, the strain at any point through the cross section ε s and the distance from the neutral axis to that point y s is calculated using either elastic approach or Whitney stress block approach. For simplicity, the location of the bottom reinforcement can be considered as the point of interest. 2. Because the stress σ s in the reinforcement level can be calculated as σ s ¼ M∕Iðy s Þ, where M is the moment and I is the second moment of inertia of the section, and the strain ε s at the reinforcement level can be calculated as ε s ¼ σ s ∕E. 3. Therefore, the strain at the reinforcement level can be expressed as ε s ¼ M∕EIðy s Þ 4. In other words, the flexural stiffness EI of the concrete beam either cracked or uncracked can be expressed as a function of the strain as EI ¼ M∕ε s ðy s Þ 5. On the basis of the loading configuration, the deflection is calculated using the appropriate elastic equation for deflection, with the flexural rigidity EI in the equation is replaced with M∕ε s ðy s Þ For example, for decked bulb T-beam under consideration, the deflection at the midspan under two concentrated loads, P, symmetrically placed can be calculated as
where δ, = deflection at the midspan; P, = applied load at one of the two points of loading; l = span of the beam; a = distance from support to the point of loading; and M LL = moment at midspan section ðM LL ¼ P:aÞ. The developed method is very simple and straightforward. It does not involve any approximation and does not depend on the Fig. 13 . Load-deflection curves for the CFRP beam at the midspan reinforcement ratio or the reinforcement type. However, it does require the calculation of the strain in the reinforcement at different load levels. Figs. 11-13 show the load-deflection curves obtained from experimental investigation, numerical simulation, and analytical analysis for the steel, CFCC, and CFRP beams, respectively. As shown in the figures, both the ACI method and the developed analytical method estimate the deflection of the beams with high degree of accuracy. Both methods require the determination of the location of the neutral axis. The ACI method proceeds with calculating the cracked second moment of inertia and the equivalent second moment of inertia. The developed method proceeds with just calculating the strain in the reinforcement. The accuracy of both methods depends primarily on the accuracy of calculating the location of the neutral axis. A sample calculation for the deflection of cracked section using the conventional approach provided by ACI 440 and the developed approach provided in this investigation is given in the attached Appendix.
Conclusions
On the basis of the results obtained from the experimental investigation, the numerical simulation, and the analytical analysis for the decked bulb T-beams reinforced and prestressed with different reinforcement materials, the following conclusions are drawn:
1. Decked bulb T-beam is an appropriate alternative for a sideby-side box beam in highway bridge superstructures, as it allows adequate space between bottom flanges for regular inspection and maintenance. 2. Under service limit state, the performance of the decked bulb T-beams prestressed with CFCC strands or CFRP tendons was comparable with the performance of beams prestressed with steel strands. No significant difference was observed. 3. Beyond service limit state, flexural-crack pattern, crack width, and crack spacing were nearly similar in all tested beams regardless of the reinforcement type. This suggests that flexural distress signs of the FRP-prestressed decked bulb T-beams are similar to those of the steel-prestressed beams. 4. The flexural load-carrying capacity and the corresponding maximum deflection of the CFCC beam were 107 and 94% of those of the steel beam, respectively. In contrast, the flexural load-carrying capacity and corresponding maximum deflection of the CFRP beam were 88 and 103% of those of the steel beam, respectively. In addition, the total energy-absorption capacities of the CFCC and CFRP beams were 84 and 76% of the total energy-absorption capacity of the steel beam, respectively. Therefore, it is reasonable to conclude that the overall flexural performance of CFCC and CFRP beams was comparable with the flexural performance of the steel beam with respect to the load-carrying capacity and the deformation. However, the FRP-reinforced beams have the advantage of corrosion resistance over the steel-reinforced beams. 5. Analytical and numerical models for all the tested beams accurately predicted the cracking load, cracking pattern, deflection, ultimate load, and failure modes. Therefore, both the analytical and numerical approaches can be adequately employed in the design of the decked bulb T-beams reinforced and prestressed with FRP materials. 6. The developed analytical approach to calculate the deflection of a cracked section accurately predicted the deflection of all tested beams to failure. It does not include any approximation or empirical approach. Therefore, it is suitable for calculating the deflection of any cracked concrete element regardless of the reinforcement type or reinforcement ratio. In addition, this approach does not require extensive calculations, such as those required by the ACI approach to calculate the deflection of a cracked concrete element.
Appendix. Calculation of Neutral Axis for CFRP Beam (Cracked Section)
As shown in Fig. 14, the strain in the reinforcement and concrete at different load levels can be calculated using the strain-compatibility method with either elastic stress distribution at low levels of concrete strain or Whitney block stress distribution at higher levels of concrete strain. The calculation can be performed manually or using a spread sheet according to the following steps:
• The strain in the bottom reinforcement ε s1 is assumed.
• Using the strain compatibility, the strain in the concrete ε c and other reinforcement layers ε si is calculated as a function of the neutral axis depth C, where
• Force in the reinforcement and in the concrete is calculated as a function of C as E c = modulus of elasticity of concrete; and f 0 c is the compressive strength of concrete.
• Sum of tensile forces ¼ Àsum of compressive forces
• The previous equation can be solved to determine the neutral axis depth C by either trial-and-error method or analytically.
• Moment capacity of the section M n is calculated as For elastic concrete stress distribution 
• In addition, moment M n is calculated as
where M DL = moment attributable to self-weight of the beam; M LL = moment attributable to the applied vertical load; M P = moment attributable to prestressing force; P LL = applied vertical load; and a = distance from point of loading to the support under the four-point-load setup.
• By calculating the moment capacity of the section, the level of the applied load P LL can be determined. This level of load-corresponds to the initially assumed strain in the reinforcement ε s1 .
The following section provides sample calculations for the deflection of CFRP beam at a load level of 113 kN (25.3 kip). This load level induces a strain in the bottom reinforcement layer ε s1 ¼ 0:006. At this load level, the measured experimental deflection was 200 mm (7.89 in.) .
Section Properties
Cross-section area, A ¼ 8 × 10 4 mm 2 Gross moment of inertia, I g ¼ 1:33 × 10 9 mm 4 Depth of neutral axis, NA, from top (uncracked), y t ¼ 164 mm Eccentricity of bottom prestressing tendons from NA (uncracked), e ¼ 154 mm Moment attributable to dead load, M DL ¼ 2:104 × 10 7 N · mm Effective prestressing force, P P ¼ 325 kN Effective span, l ¼ 9;450 mm Distance from load to support, a ¼ 3;733 mm Average tensile strength of concrete, σ t ¼ 4:3 MPa Modulus of elasticity of CFRP, E P ¼ 1;63;000 MPa Modulus of elasticity of steel, E s ¼ 2;00;000 MPa Modulus of elasticity of concrete, E c ¼ 30;500 MPa
Calculation of the Applied Load
Assume the strain in the bottom reinforcement, ε s1 ¼ 0:006.
Using the strain compatibility, the strain in the concrete ε c and other reinforcement layers ε si is calculated as a function of the neutral axis depth C, where 
The previous equation has only the depth of the neutral axis, C, as unknown. Therefore, the equation can be solved to determine C using either further mathematical analysis or by assuming a value for C to equate both sides of the equation (trial-and-error approach) . For this example, it was found that C ¼ 53 mm. Strain in the reinforcement and concrete can be calculated by substituting C with its value. Subsequently, the force in the reinforcement and concrete can also be calculated. Finally, the moment capacity of the section M n is calculated by taking the moment for all forces around the neutral axis 
